We describe here a strain of Yersinia pestis, G1670A, which exhibits a baseline mutation rate elevated 250-fold over wild-type Y. pestis. The responsible mutation, a C to T substitution in the mutS gene, results in the transition of a highly conserved leucine at position 689 to arginine (mutS(L689R)). When the MutS L689R protein of G1670A was expressed in a DmutS derivative of Y. pestis strain EV76, mutation rates observed were equivalent to those observed in G1670A, consistent with a causal association between the mutS mutation and the mutator phenotype. The observation of a mutator allele in Yersinia pestis has potential implications for the study of evolution of this and other especially dangerous pathogens.
Introduction
Bacterial species must balance the generation of genetic diversity through mutation with the need to preserve functions essential for growth. Under favorable growth conditions in which minimal selective pressure is imposed on the population, a high mutation rate (such as that caused by a defect in DNA repair, also known as a mutator phenotype) can incur significant long-term disadvantages through the accumulation of deleterious mutations that compromise growth. In contrast, when a bacterial population encounters unfavorable growth conditions, such as a rapid niche transfer, nutrient deprivation, or antimicrobial stress, a mutator phenotype can actually provide a survival advantage for a portion of the population by facilitating the rapid generation of genetic diversity. A mutator phenotype allows the generation and fixation of beneficial mutations in a smaller effective population size. Pathogenicity, involving multiple rapid and dramatic shifts in living conditions (as between different hosts or between hosts and the environment), can favor the emergence of mutator strains (Picard et al., 2001; Denamur et al., 2002; Giraud et al., 2002; Ferenci, 2003; Denamur & Matic, 2006) . Therefore, some bacterial pathogens isolated from mammalian hosts exhibit elevated baseline mutation rates relative to laboratoryadapted strains (Denamur et al., 2002; Giraud et al., 2002) .
The profound historical impact of Yersinia pestis on human populations, and concerns about its potential as a weapon, has made its genetics the focus of much study in the last decade. Much remains to be learned about how highly pathogenic Y. pestis might have evolved from the pathogenic but less virulent Y. pseudotuberculosis. Strains of the Pestoides group (including Angola, Pestoides A-J, and 91001) are thought to represent intermediate strains because they exhibit a relatively high degree of nucleotide divergence from highly virulent strains of Y. pestis (Garcia et al., 2007; Eppinger et al., 2010) . Most Pestoides strains originate in the Central Asian republics of the former Soviet Union (Anisimov et al., 2004) . While sharing most of the classical pathogenicity determinants with highly virulent plague strains (Garcia et al., 2007) , they contain additional genes on their plasmids (Golubov et al., 2004; Garcia et al., 2007) , are sensitive to polymyxin and human serum, and are avirulent toward guinea pigs (Anisimov et al., 2004 (Anisimov et al., , 2005 Song et al., 2004; Knirel et al., 2005) . The Pestoides group strains are thought to have diverged from the ancestors of modern Y. pestis isolates prior to the emergence of modern strains (Haensch et al., 2010; Morelli et al., 2010; Cui et al., 2013) . While the evolutionary drivers behind the diversification of these strains into their modern forms are not well established, the nucleotide-level divergence of Pestoides strains from classical plague strains (Parkhill et al., 2001; Achtman et al., 2004; Chain et al., 2004 Chain et al., , 2006 Garcia et al., 2007; Eppinger et al., 2010) points to the accumulation of chromosomal mutations as one of the primary mechanisms of diversification.
In this report, we describe a strain of Yersinia pestis called G1670A. Strain G1670A was isolated from a stock culture originating from a collection obtained in the Republic of Georgia [designated G1670; (Revazishvili et al., 2008) ]. Isolates from this stock culture exhibited diversity in colony morphology, which prompted the sequencing of the genomes of two typical isolates (G1670A and G1670E) as well as from a culture of the G1670 population and from a geographically related strain that displayed no morphological heterogeneity [G3768; (Revazishvili et al., 2008) ]. Sequence analysis indicated that isolates from G1670 possessed a mixture of wild-type and mutant mutS alleles, suggesting either a recent acquisition of the mutator phenotype or frequent reversion of mutS to wild type. Strain G1670A was found to have a single-nucleotide polymorphism in the mutS gene, substituting a highly conserved leucine in the predicted P-loop of the ATPase domain of MutS with an arginine residue. We therefore undertook to confirm that the SNP of G1670A in mutS causes the mutator phenotype. We believe this is the first report of the genetic basis of a mutator phenotype in Y. pestis.
Materials and methods

Bacterial strains and plasmids
Strains and plasmids used in this study are described in 
Whole-genome sequence analysis
Whole genomic DNA isolated from Y. pestis strains G3768 and isolated from G1670 was sequenced on GS-FLX instruments by Roche/454 or at the U. S. Army Edgewood Chemical Biological Center (ECBC). The de novo assemblies of the read data have been deposited at NCBI under accession numbers as follows -G3768 (AOMZ00000000), G1670A (AOSA00000000), G1670E (AOMY00000000).
Sequencing reads have been deposited in the Sequence
Read Archive under accession number SRA065609.
Read mapping experiments and in silico MLVA in comparison with several published Y. pestis genome sequences determined that Pestoides F was the closest available finished genome sequence (not shown), and thus, reads were aligned to the published Pestoides F genome (Garcia et al., 2007) to identify putative sequence polymorphisms. High-confidence differences (HCDiffs) were identified and filtered for those calls that exhibited a minimum of fivefold sequence coverage with 85% or 100% (HCDiff 85 and HCDiff 100 , respectively) of the reads differing from the reference sequence. Sequence data supporting these putative differences were also manually inspected for proximity to other mutations or the ends of contigs (which might indicate regions of assembly conflict) to reduce the chance of mistaking a sequencing error for a true SNP. The polymorphism in mutS of the G1670 stock culture population was verified by Sanger sequencing of amplicons generated from genomic DNA with primers Sulk536 5′-GCACACCTGGGAAGCTATGT-3′ and Sulk537 5′-TGGCAATGTCGTTAATTCAAA-3′.
Deletion of mutS from strain EV76
The genome of Y. pestis EV76 derivative obtained from USAMRIID (pgm
) was fully sequenced and exhibited no nucleotide-level differences in known DNA repair genes with Pestoides F or CO92, isolates known not to mutate at high rates (Eppinger et al., 2010) . A synthetic construct containing 1 kb of each region flanking the mutS gene (corresponding to positions 3740640-3741341 and 3743898-3744540 on the Y. pestis CO92 genome) was obtained from DNA 2.0 (Menlo Park, CA) in the pCVD442 allelic exchange vector backbone to make plasmid pYPDmutS. The suicide plasmid was maintained in E. coli SM10-kpir and was transferred to EV76 by conjugation. Transconjugates were selected on cefsulodin/irgasan/novobiocin agar (Difco) containing 100 ug mL À1 ampicillin and tested for sucrose sensitivity. Ampicillin-resistant strains that were sucrose sensitive were grown in liquid culture to saturation without selection and plated on tryptic soy agar (TSA) containing 10% sucrose. Potential DmutS strains were restreaked twice prior to screening for potential mutators on TSA containing rifampicin. The absence of mutS sequence in EV76 was confirmed by PCR using primers complementary to the flanking sequences of the mutS gene (data not shown). Plasmids pMutS and pMutS L689R in which the mutS genes were expressed from their native promoter were obtained from DNA 2.0 and transformed into Y. pestis strains by electroporation.
Mutation rate analysis
The spontaneous mutation rates of unmodified EV76, EV76DmutS, and each strain containing pMutS, pMutS L689R , or vector pUC19 were determined by fluctuation analysis according to the maximum-likelihood method of Lea and Coulson (Rosche & Foster, 2000; Foster, 2006) . Briefly, a saturated overnight culture of each strain (containing < 3000 cfu mL À1 of rifampicinresistant colonies for each strain) was diluted 1 : 10 6 into 50 mL of tryptic soy broth (TSB) containing 100 lg mL À1 ampicillin to maintain plasmids. This represented an initial inoculum of approximately 200 cfu mL À1 for each strain. Thirty independent 1-mL aliquots were subsampled and grown for 48 h to saturation. One hundred microliters of each culture were plated on TSA containing 50 ug mL À1 rifampicin as 10 9 10 lL spots and was grown for 48 h prior to enumerating rifampicin-resistant colonies. Total numbers of mutation events (m), mutation rates (M), and 95% confidence intervals were calculated using the MSS-Maximum-Likelihood Method algorithm in FALCOR (Hall et al., 2009 ) with correction for sampling (Rosche & Foster, 2000) .
Results
Observation of colonies of Y. pestis isolated from stock culture G1670 on solid growth media revealed a mixture of colony morphologies. To determine the mutation(s) that contributed to this mixed colony appearance, the genomes of two morphologically distinct isolates, G1670A and G1670E, were sequenced and compared with the published genome of Y. pestis Pestoides F. DNA was also prepared and sequenced from a population of the G1670 stock culture. High-confidence variations (SNPs and indels) from the Pestoides F sequence were identified (Table 2) , taking into account sequencing depth and dis- tance of the variations from the ends of contigs (which often contain regions of poor assembly). Mutations were compared with other published Y. pestis sequences using BLAST, and those unique to G1670A or G1670E and thus representing novel SNPs were determined (Table S1 ).
One of these mutations in G1670A resulted in a nonsynonymous substitution in the MutS protein, changing leucine 689 to arginine. This residue is conserved in all sequenced MutS proteins (Fig. 1) . A PCR amplicon from the mutS region of the G1670 mixed stock culture was sequenced directly, confirming that variants containing mutant and wild-type alleles were present within the G1670 stock culture (Fig. 1b) . We also examined the distribution of novel SNPs and small insertion/deletion mutations relative to Pestoides F across three sequenced Georgian strains (G1670A, G1670E, and G3768, Fig. 2 ). Based on the number of strain-unique substitutions, both G1670A and G1670E diverge from G3768 and from each other, sharing only 68 of the 115 (G1670E) and 97 (G1670A) differences observed between the strains; in fact, G1670E appears to be the most divergent of the three strains from the Pestoides F reference.
To determine whether strains G1670A and G1670E exhibited high inherent mutation rates, we performed a standard assay for elevated mutation rates using rifampicin resistance as the study phenotype. The two strains were plated on media containing rifampicin and assayed for the frequency of formation of rifampicin-resistant colonies. In multiple experiments, G1670A exhibited larger numbers of rifampicin-resistant colonies when equal inocula were plated (Fig. S1 ), further suggesting that the L689R allele compromised the function of MutS in this strain.
To provide additional evidence that the mutS(L689R) allele is a true loss-of-function allele, we generated a DmutS variant of the Y. pestis EV76 vaccine strain Four hundred and fifty-four read datasets from each strain were mapped to the chromosome and plasmids of the published Y. pestis Pestoides F reference sequence using Newbler GSMapper v2.3. #HCD-iffs(%) indicates the number of high-confidence differences output by the software that exhibits consensus difference of the given percentage (e.g. where 85% of reads differ from the consensus). A full description of previously uncharacterized mutations is found in Table S1 . routinely used for basic molecular studies in our laboratory, which was verified by whole-genome sequencing to be equivalent to CO92, a low-mutation-rate strain (Eppinger et al., 2010) , for all known DNA repair enzymes (data not shown). The resulting strain, EV76 DmutS, was transformed with plasmid pUC19 into which was cloned either wild-type MutS (pMutS) or MutS L689R (pMutS L689R ), under the control of the native mutS promoter. Strain EV76 carrying the unmodified plasmid vector (pUC19) was sensitive to rifampicin, as was strain EV76 DmutS transformed with pMutS ( Fig. 3, left panels) . However, strains EV76 DmutS (pUC19) and EV76 DmutS (pMutS L689R ) produced colonies on solid medium containing rifampicin (Fig. 3 , right panels), indicating a much higher rate of mutation to rifampicin resistance in the absence of the wild-type mutS allele. This result is consistent with previously reported effects of mutS deletion on mutation rates (Cox et al., 1972; Pang et al., 1985; Kim et al., 2003; Martin et al., 2004) .
In our experiments, rifampicin-resistant colonies of wild-type strain EV76 occurred at a frequency of approximately 10
À9
, while rifampicin-resistant colonies of strains EV76 DmutS (pUC19) and EV76 DmutS (pMutS L689R ) occurred at frequencies approximately 300-to 500-fold higher than that observed in strains EV76 (pUC19) and EV76 DmutS (pMutS). The actual mutation rates for EV76 and its derivatives were determined by classical fluctuation analysis (Rosche & Foster, 2000; Foster, 2006; Hall et al., 2009) . The results of two independent experiments are shown in Table 3 .
The variations in colony morphology we observed in the G1670 stock culture population were recapitulated in the EV76 derivatives constructed for this study. Strains EV76 DmutS (pMutS) and EV76 DmutS (pMutS L689R ) were plated for single colonies on solid TSA medium containing ampicillin and incubated at 28°C. Strain EV76 DmutS (pMutS L689R ), lacking the presumed wildtype mutS allele, showed a variation in colony morphology similar to that observed in the G1670 population, most notably the formation of large, spreading, rough colonies (Fig. 3b, top panel) in addition to the classical 'fried-egg' appearance of wild-type Y. pestis colonies produced by strain EV76 DmutS (pMutS) (Fig. 3b, bottom  panel) . Cells of both strains were confirmed by PCR to be Y. pestis and to possess both pCD1 and pMT1 (data not shown). The genetic basis for the observed variation in colony morphology is unknown, although modifications to genes affecting the composition of the cell surface are obvious candidates. Potential candidate mutations that may be responsible for gross changes to the cell envelope of 1670A are the I265R mutation in the lgt gene encoding prolipoprotein diacylglyceryl transferase (YPDSF_1703), which would insert a charged residue into a transmembrane helix, or (less likely) the I354M mutation in the kdtA gene (YPDSF_3850). We also examined the possibility that coexpression of wild-type MutS and MutS L689R proteins in a merodiploid strain would compromise DNA repair; however, strains containing both plasmids exhibited wild-type mutation rates (data not shown). 
Discussion
We conclude from these studies that we have isolated a mutator strain of Y. pestis from a Y. pestis stock culture that originated from isolates collected in the Georgian Caucasus, and that the phenotype is due to a point mutation in the mutS gene. Because deletion of mutS from the EV76 chromosome replicated the mutator phenotype observed in G1670A and was repaired by reintroduction of mutS on a wild-type plasmid (but not a plasmid containing the L689R variant), we concluded that the L689R mutation substantially reduces the function of the MutS protein and represents an essentially null allele; however, the approximately 50% lower mutation rate of the L689R expressing strain relative to the deletion strain (Table 3) may indicate a small but detectable residual activity. Structural modeling of Y. pestis MutS suggests that the L689R allele alters the structure of the predicted P-loop of the ATPase domain of MutS (Fig. S2) , suggesting a possible mechanistic basis for the lack of MutS function. It is possible that mutator strains have played an important role in the evolutionary history of Y. pestis. The evolutionary history of Y. pestis is becoming clearer with the publication of more Yersinia genomes, in addition to multilocus VNTR analysis and SNP typing studies (Klevytska et al., 2001; Achtman et al., 2004; Pourcel et al., 2004; Holt et al., 2009; Li et al., 2009; Morelli et al., 2010; Cui et al., 2013) . However, current knowledge of the evolutionary trajectory still does not fully explain the three historical plague pandemics or the emergence of the described biotypes of Y. pestis. The best available evidence indicates that the 14th century pandemic (the 2nd plague pandemic) was caused by an intermediate strain of Y. pestis that may have no modern counterpart (Bos et al., 2011) , but that lies near the root of all modern plague isolates. The recent phylogenetic analysis by Cui et al. (2013) suggested that a 'Big Bang' diversification event occurred immediately prior to the 14th century pandemic. While those authors speculate that diversification is associated with rapid population expansion rather than an increase in the baseline mutation rate of the pandemic strains, this conclusion should be pursued further in light of the discovery of mutator strains of plague in this study and that of Morelli et al. (2010) .
The divergence of the Angola and Pestoides F genotypes from mainline Y. pestis strains has traditionally been attributed to their deep-rooted evolutionary origins (Golubov et al., 2004; Garcia et al., 2007) . Although Angola and Pestoides F themselves were shown not to be mutator strains (Eppinger et al., 2010) , the authors speculated that an ancestor to the Angola strain might have possessed a mutator phenotype. Our observance in this study of a mutator strain of Y. pestis suggests such strains may have occurred naturally at times in the evolutionary history of Y. pestis, raising the possibility that the Angola/ Pestoides F divergence may have happened more recently that previously supposed. Interestingly, the L689R mutation is the result of a single point mutation in the mutS gene that could potentially revert to wild-type functionality, thereby 'fixing' a newly evolved genotype. Several other strains within this collection of 46 archival strains isolated during the 1960s through 1990s in Georgia (Revazishvili et al., 2008) also exhibit mutator phenotypes. Some of these strains were isolated independently but in relatively close geographic proximity. The confirmation of the genetic basis for the mutator phenotypes in those strains is the subject of ongoing experiments in our laboratories. N t , the total number of cells in a culture, determined by serial dilution plating of representative cultures; m obs , the number of mutations observed in the culture; m act , the actual number of mutations in a culture; M, mutation rate (probability of mutation per cell per division or generation).
A likely origin of the mutator phenotype is the prolonged storage under suboptimal conditions, particularly the repeated serial transfers of the isolates (as was necessary due to chronic under-resourcing in the local and regional Georgian laboratories that isolated strains). Such conditions may have favored the in vitro emergence of a mutator strain. Experiments in serially passaged Escherichia coli lineages have shown this to occur, although approximately 13 000 generations were required before mutators emerged (Sniegowski et al., 1997) . These events are highly dependent on the stringency of the culture conditions and the sampling or bottleneck size; serial in vivo passage and nutrient-limiting chemostat experiments have yielded mutator subpopulations in as little as 130 generations (Sniegowski et al., 1997; Notley-McRobb et al., 2002; Nilsson et al., 2004) . However, our variant analysis does not exclude a wild origin of G1670A, which actually exhibited fewer mutations relative to the Pestoides F strain than either the population or G1670E (the 'wildtype' strain) (Fig. 2, Table S1 ). Many of the SNPs observed in G1670E were not observed in the bulk population or in G1670A. Therefore, we deem it likely that G1670A did not arise out of a population of G1670E. Instead, we believe G1670E and G1670A may be components of a mixed stock culture, possibly the result of an infection of Y. pestis consisting of multiple strains.
The observation that, like many other bacterial pathogens of humans, Y. pestis strains can acquire a mutator phenotype has significant implications for the evolution and 'evolvability' of Y. pestis strains and practical implications for biosurveillance. While the strains in the original G1670 culture unambiguously belong to the Pestoides clade of enzootic strains based on our MLVA and canonical SNP analysis, its existence indicates that mutator strains of classical virulent Y. pestis may spontaneously emerge and then acquire new traits and/or phenotypes (i.e. drug resistance or altered host specificity). To determine the frequency of occurrence of mutator phenotypes in natural plague foci (such as those in North America, China, and the Caucasus), ongoing biosurveillance efforts should monitor new isolates for the occurrence of mutator phenotypes.
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